Possible violations of fundamental physical principles, e.g. the Einstein Equivalence Principle on which all metric theories of gravity are based, including General Relativity, would lead to a rotation of the plane of polarization for linearly polarized radiation traveling over cosmological distances, the so-called cosmic polarization rotation (CPR). We review here the astrophysical tests which have been carried out so far to check if CPR exists. These are using the radio and ultraviolet polarization of radio galaxies and the polarization of the cosmic microwave background (both E-mode and B-mode). These tests so far have been negative, leading to upper limits of the order of one degree on any CPR angle, thereby increasing our confidence in those physical principles, including General Relativity. We also discuss future prospects in detecting CPR or improving the constraints on it.
Introduction
Linear polarization is a simple phenomenon by which a single photon is able to trasmit across the universe the information about the orientation of a plane. The question which we discuss in this review is whether the orientation of the plane of linear polarization, the so-called position angle (PA a ), is conserved for electromagnetic radiation travelling long distances, i.e. if there is any cosmic polarization rotation (CPR). Clearly, if the CPR angle α is not zero, symmetry must be broken at some level, since α must be either positive or negative, for a counter-clockwise or clockwise rotation. This immediately suggests that CPR should be connected with the violation of fundamental physical principles. Indeed it is linked also to a possible violation of the Einstein equivalence principle (EEP), which is the foundation of any a We adopt the IAU convention for PA: it increases counter-clockwise facing the source, from North through East. 36 2 Sperello di Serego Alighieri metric theory of gravity, including general relativity (GR), for which we celebrate the Centennial this year.
The fundamental principles whose violation would imply CPR are briefly discussed in Section 2. For most of them the CPR angle would be independent of wavelength. However the violation of some principles would imply a wavelength dependent CPR, not to be confused with the Faraday rotation, which is a wellknown effect for radiation passing through a plasma with a magnetic field. CPR, if it exists, would occour in vacuum. CPR has sometimes been inappropriately called "cosmological birefringence". However we follow here the advice of Ref. 60 , since birefringence is only appropriate for a medium whose index of refraction depends on the direction of polarization of the incident light beam, which is then split in two. The phenomenon we are considering here is pure rotation of the polarization, without any splitting.
Testing for CPR is simple in principle: it requires a distant source of linearly polarized radiation, for which the orientation P A em of the polarization at the emission can be established. Then CPR is tested by comparing the observed orientation P A obs with P A em : α = P A obs − P A em In practice it is not easy to know a priori the orientation of the polarization for a distant source: in this respect the fact that scattered radiation is polarized perpendicularly to the plane containing the incident and scattered rays has been of great help, applied both to radio galaxies (see section 4) and to the cosmic background radiation (CMB, see section 5). For those cases in which CPR depends on wavelength, one can also test CPR simply searching for variation of PA with the wavelength of the radiation, even without knowing PA em . In this paper we will review the astrophysical methods which have been used to test CPR, we list the results of these test, discuss the advantages and disadvantages of the various methods, and suggest future prospects for these tests.
Impact of Cosmic Polarization Rotation on fundamental physiscs
This possibility of CPR arises in a variety of important contexts, like the presence of a cosmological pseudo-scalar condensate, Lorentz invariance violation and CPT violation, neutrino number asymmetry, the Einstein Equivalence Principle (EEP) violation. In particular the connection of the latter with CPR is relevant for this GR Centennial year, since all metric theories of gravity, including GR are based on the EEP. 3. Constraints from the radio polarization of radio galaxies Already in his seminal paper about the unique counter-example to Schiff's conjecture giving rise to CPR, Ref. 57 suggested that obsevations of polarized astrophysical sources could give constraints on the CPR. However, only in 1990 the polarization at radio wavelengths of radio galaxies and quasars was used for the first astrophysical test of CPR 12b . Ref. 12 used the fact that extended radio sources, in particular the more strongly polarized ones, tend to have their plane of integrated radio polarization, corrected for Faraday rotation, usually perpendicular and occasionally parallel to the radio source axis, 18 to put a limit of 6.0 o at the 95% confidence level to any rotation of the plane of polarization for the radiation coming from these sources in the redshift interval 0.4 < z < 1.5.
Reanalyzing the same data, Ref. 63 claimed to have found a rotation of the plane of polarization, independent of the Faraday one, and correlated with the angular positions and distances to the sources. Such rotation would be as much as 3.0 rad for the most distant sources. However, several authors have independently and convincingly rejected this claim, both for problems with the statistical methods, 13, 27, 51 and by showing that the claimed rotation is not observed for the optical/UV polarization of 2 radio galaxies (see below) and for the radio polarization of several newly observed radio galaxies and quasars.
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In fact, the analysis of Ref. 72 is important also because it introduces a significant improvement to the radio polarization method for the CPR test. The problem with the radio polarization method is the difficulty in estimating the direction of the polarization at the emission. Since the radio emission in radio galaxies and quasars is due to synchrotron radiation, the alignment of its polarization with the radio axis implies an alignment of the magnetic field, which is not obvious per se. In fact theory and magnetohydrodynamics simulations foresee that the projected magnetic field should be perpendicular to strong gradients in the total radio intensity. 7, 66 For example, for a jet of relativistic electrons the magnetic field should be perpendicular to the local jet direction at the edges of the jet and parallel to it where the jet intensity changes. 10 On the other hand such alignments are much less clear for the integrated polarization, because of bends in the jets and because intensity gradients can have any direction in the radio lobes, which emit a large fraction of the polarized radiation in many sources. In fact it is well known that the peaks at 90 o and 0 o in the distribution of the angle between the direction of the radio polarization and b Ref. 9 had earlier claimed a substantial anisotropy in the angle between the direction of the radio axis and the direction of linear radio polarization in a sample of high-luminosity classical double radio sources, but used it to infer a rotation of the Universe, not to test for CPR.
that of the radio axis are very broad and the alignments hold only statistically, but not necessarily for individual sources (see e.g. fig. 1 of Ref. 12) . More stringent tests can be carried out using high angular resolution data on radio polarization and the local magnetic field's alignment for individual sources, 72 although to our knowledge only once 48 this method has been used to put quantitative limits on the polarization rotation. For example, Ref. 14, using the data on the 10 radio galaxies of Ref. 48 , obtains an average constraint on any CPR angle of α = −0. 
Constraints from the ultraviolet polarization of radio galaxies
Another method to test for CPR has used the perpendicularity between the direction of the elongated structure in the ultraviolet (UV) c and the direction of linear UV polarization in distant powerful radio galaxies. The test was first performed by Refs. 17,24, who obtained that any rotation of the plane of linear polarization for a dozen radio galaxies at 0.5 ≤ z ≤ 2.63 is smaller than 10 o . Although this UV test has sometimes been confused with the one at radio wavelengths, probably because they both use radio galaxies polarization, it is a completely different and independent test, which hinges on the well established unification scheme for poweful radio-loud AGN. 5 This scheme foresees that powerful radio sources do not emit isotropically, but their strong UV radiation is emitted in two opposite cones, because the bright nucleus is surrounded by an obscuring torus: if our line of sight is within the cones, we see a quasar, otherwise we see a radio galaxy. Therefore powerful radio galaxies have a quasar in their nuclei, which can only be seen as light scattered by the interstellar medium of the galaxy. Often, particularly in the UV, this scattered light dominates the extended radiation from radio galaxies, which then appear elongated in the direction of the cones and strongly polarized in the perpendicular direction. 23 The axis of the UV elongation must be perpendicular to the direction of linear polarization, because of the scattering mechanism which produces the polarization. Therefore in this case it is possible to accurately predict the direction of polarization at the emission and compare it with the observed one. This method of measuring the polarization rotation can be applied to any single case of distant radio galaxy, which is strongly polarized in the UV, allowing independent CPR tests in many different directions. Another advantage of this method is that it does not require any correction for Faraday rotation, which is large at radio wavelengths, but negligible in the UV.
c When a distant radio galaxy (z > 0.7) is observed at optical wavelengths (λ obs. ∼ 5000Å), these correspond to the UV in the rest frame (λem. ≤ 3000Å). The method can be applied also to the polarization which is measured locally at any position in the elongated structures around radio galaxies, and which has to be perpendicular to the vector joining the observed position with the nucleus. From the polarization map in the V-band (∼ 3000Å rest-frame) of 3C 265, a radio galaxy at z=0.811, 70 the mean deviation of the 53 polarization vectors plotted in the map from the perpendicular to a line joining each to the nucleus is −1.4 o ± 1.1 o . 72 However, more distant radio galaxies are so faint that only the integrated polarization can be measured, even with the largest current telescopes: strict perpendicularity is expected also in this case, if the extended emission is dominated by the scattered radiation, as is the case in the UV for the strongly polarized radio galaxies.
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Recently the available data on all radio galaxies with redshift larger than 2 and with the measured degree of linear polarization larger than 5% in the UV (at ∼ 1300Å) have been re-examined, and no rotation within a few degrees in the polarization for any of these 8 radio galaxies has been found. 25 In addition, assuming that the CPR angle should be the same in every direction, an average constraint on this rotation < α >= −0.8 o ± 2.2 o (1σ) at the mean redshift z = 2.80 has been obtained. 25 The same data have been used by Ref. 39 to set a CPR constraint in case of a non-uniform polarization rotation, i.e. a rotation which is not the same in every direction: in this case the variance of any rotation must be α 2 ≤ (3.7 o ) 2 . The CPR test using the UV polarization has advantages over the other tests at radio or CMB wavelengths, if CPR effects grow with photon energy (the contrary of Faraday rotation), as in a formalism where Lorentz invariance is violated but CPT is conserved.
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Constraints from the polarization of the Cosmic Background Radiation
A more recent method to test for the existence of CPR is the one that uses the CMB polarization, which is induced by the last Thomson scattering of decoupling photons at z ∼ 1100, resulting in a correlation between temperature gradients and polarization. 49 CMB photons are strongly linearly polarized, since they result from scattering. However the high uniformity of CMB produces a very effective averaging of the polarization in any direction. It is only at the CMB temperature disuniformities that the polarization does not average out completely and residual polarization perpendicular to the temperature gradients is expected. Therefore also for the CMB polarization it is possible to precisely predict the polarization direction at the emission and to test for any CPR. After the first detection of CMB polarization anisotropies by DASI, 46 there have been several CPR tests using the CMB E-mode polarization pattern.
Unfortunately, the scientists working on the CMB polarization have adopted for the polarization angle a convention which is opposite to the IAU one, used for decades by all other astrophysicists and enforced by the IAU:
36 for the CMB polarimetrists, following a software for the data pixelization on a sphere, 30 the po- larization angle increases clockwise, instead of counter-clockwise, facing the source, this produces an inversion of the U Stokes parameter, corresponding to a change of PA sign. Obviously, these different conventions have to be taken into account, when comparing data obtained with the different methods used for CPR searches. As mentioned in the Introduction, all PA in this work are given in the IAU convention. Independently of the adopted convention, a problem of CMB polarimetry is the calibration of the position angle, which is not easy at CMB frequencies. Although different methods are used, like the a-priori knowledge of the detector's orientation, the use of calibration sources both near the experiment on the ground and on the sky, the current calibration accuracy is of the order of one degree, producing a non-negligible systematic error β on the measured PA. 54 In summary, for the ACTPol result we prefer the assumption on the constancy of the Crab Nebula polarization angle between 89.2 and 146 GHz, also because this can be tested a posteriori and an eventual correction applied.
In summary, although some have claimed to have detected a rotation, 40, 75 the CMB polarization data appear well consistent with a null CPR. In principle the CMB polarization pattern can be used to test CPR in specific directions. However, because of the extremely small anisotropies in the CMB temperature and polarization, these tests have so far used averages over relatively large regions of sky, assuming uniformity.
Recently 26 have suggested the possibility of setting constraints on the CPR also using measurements of the B-mode polarization of the CMB, because of the coupling from E-mode to B-mode polarization that any such rotation would produce. This possibility is presently limited by the relatively large systematic errors on the polarization angle still affecting current data. The result is that from the South Pole Telescope polarimeter (SPTpol), POLARBEAR and BICEP2 B-mode polarization data it is only possible to set constraints on the fluctuations δα 2 ≤ (1. Table 1 reports the combined constraint on the CPR fluctuations obtained from all the B-mode data mentioned above.
Other constraints
Observations of nearby polarized galactic objects could contribute to the CPR test, in particular for those cases where polarization measurements can be made with high accuracy and at very high frequencies (useful if CPR effects grow with photon energy). Pulsars and supernova remnants emit polarized radiation in a very broad frequency range. For example, hard X-ray polarization observations of the Crab Nebula 22 have been used to set a limit to CPR angle α = −1 o ± 11 o . 52 However this limit is not particularly stringent, both because of the low accuracy of the Xray polarization measurement, and because of the limited distance to the source. Future more precise X-ray polarization experiments, such as POLARIX, 19 could much improve the situation.
Gamma-ray bursts (GRB) are very distant sources which emit polarized radiation both in the optical afterglow 20, 73 and in the prompt gamma-ray emission.
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Nevertheless they cannot be used for CPR searches, since the orientation of the polarization at the emission is unknown. However they can be used to test for birefringence effects, i.e. an energy-dependent rotation of the polarization angle, such as those produced by Lorentz invariance violation, 50 since the detection of linear polarization in a gamma-ray band excludes a significant rotation of the polarization 34 has not been confirmed by the radio polarization directions on a much larger sample of 4290 flat-spectrum radio sources, 37 and Ref. 35 recently suggested that the alignments could be due to an alignment of quasar's spin axis to the structures to which they belong. The possibility that the quasar's polarization alignments could be due to the mixing of photons with axion-like particles is excluded by the absence of circular polarization.
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The rotation of the plane of linear polarization can be seen as different propagation speeds for right and left circularly-polarized photons (∆c/c). The sharpness of the pulses of pulsars in all Stokes parameters can be used to set limits corresponding to ∆c/c ≤ 10 −17 . Similarly the very short duration of gamma ray bursts (GRB) gives limits of the order of ∆c/c ≤ 10 −21 . However the lack of linear polarization rotation discussed in the previous sections can be used to set much tighter limits (∆c/c ≤ 10 −32 ).
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In a complementary way to the astrophysical tests described in the previous sections, also laboratory experiments can be used to search for CPR. These are outside the scope of this review and have not obtained significant constraints. For example the PVLAS (Polararizzazione del Vuoto con LASer) collaboration has found a polarization rotation in the presence of a transverse magnetic field, 76 but later refuted this claim, attributing the rotation to an instrumental artifact. 77 The null result is consistent with the measurement of Ref. 15. Table 1 each other and with a null CPR. Even the CMB measurement by BICEP1, which apparently shows a non-zero rotation at the 2σ level, cannot be taken as a firm CPR detection, since it has not been confirmed by other more accurate measurements.
Discussion
In practice all CPR test methods have reached so far an accuracy of the order of 1 o and 3σ upper limits to any rotation of a few degrees. It has been however useful to use different methods since they are complementary in many ways. They cover different wavelength ranges, and, although most CPR effects are wavelength independent, the methods at shorter wavelength have an advantage, if CPR effects grow with photon energy. They also reach different distances, and the CMB method is unbeatable in this respect. However the relative difference in light travel time between z = 3 and z = 1100 is only 16%. The radio polarization method, when it uses the integrated polarization, has the disadvantage of not relying on a firm prediction of the polarization orientation at the source, which the other methods have. In addition, the radio method requires correction for Faraday rotation. All methods can potentially test for a rotation which is not uniform in all directions, although this possibility has not yet been exploited by the CMB method, which also cannot see how an eventual rotation would depend on the distance. Ref. 28 have recently examined the dependence of CPR on the wavelength and on the distance of the source, and found none, which is not surprising for a null (so far) CPR: in practice they cannot improve the limit already set on the birefringence parameter ξ in Ref. 31 (see Section 6).
Outlook
In the future improvements can be expected for all methods, e.g. by better targeted high resolution radio polarization measurements of radio galaxies and quasars, by more accurate UV polarization measurements of radio galaxies with the coming generation of giant optical telescopes, 8, 21, 67 and by future CMB polarimeters such as PLANCK 1 and BICEP3. 4 Indeed the Planck satellite is expected to have a very low statistical error (∼ 0.06 o ) for CPR measurements, about a factor of 10 better than previous experiments. 74 Unfortunately, although Planck has completed its observations more than a year ago, its results on CPR have not yet been released. In any case, in order to exploit the much improved measurement accuracy of Planck, it will be necessary to reduce accordingly also the systematic error in the calibration of the polarization angle, which at the moment is of the order of 1 o for CMB polarization experiments. The best prospects to achieve this improvement are likely to be more precise measurements of the polarization angle of celestial sources at CMB frequencies, e.g. with the Australia Telescope Compact Array 53 and with ALMA, 69 and a calibration source on a satellite.
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